Metaldehyde is best known as the main constituent of slug pellets. This organic compound has been found in relatively high levels in both surface and underground water. While many water treatment processes do not work with metaldehyde degradation, a photocatalytic degradation process has been proved to have a significant effect on metaldehyde stability. Nanosized ZnO/laponite composite (NZLC) was used as a photocatalyst in this investigation of metaldehyde degradation. The reactions were carried out in a ultraviolet C (UVC) lamp fitted batch reactor by considering the following parameters: initial metaldehyde concentration, pH of solution, and light intensity. A comparison of degradation efficiency between photolysis, photocatalysis, and adsorptive ability on NZLC indicated that the latter had the highest efficiency. Furthermore, higher metaldehyde degradation was observed as the initial concentration decreased. However, the fastest metaldehyde degradation rate in heterogeneous photocatalysis was obtained when pH values were greater than 7.0. Consequently, the findings suggest that the removal of metaldehyde by adsorption and photocatalytic degradation using NZLC under UV irradiation was a hybrid reaction process (i.e. photolysis, adsorption, and photocatalysis).
INTRODUCTION
Pesticides are being frequently released into the aquatic environment due to their widespread use in agriculture and gardening. Their toxicity, variety, and persistence can harm the health of an ecosystem directly and threaten the health of human beings by polluting the water sources used for drinking water (Environment Australia ).
Owing to their high bio-recalcitrant and toxic nature, pesticide compounds in water are of concern to public health (Eriksson et al. ) . With this in mind, there have been several studies (Zeng et al. ; Fenner et al. ; Zeng & Arnold ) on understanding the rates and pathways of abiotic and biotic transformations that may affect the persistence of pesticides in water bodies and the wider environment. Metaldehyde, 2, 4, 6, 3, 5, tane (Water UK ) , is a pesticide commonly used as a molluscicide in gardening and agriculture to control snails and slugs. Owing to the mild, wet climate during winter months in the UK over recent years, the problem of crop damage by slugs and snails is growing. As a result, the usage of slug pellets has increased and relatively high levels of metaldehyde are being found in both surface and drinking waters, at levels above the EU and national standards (EA ; DWI ; Water UK ). Because of its physicochemical properties, metaldehyde cannot be removed efficiently by conventional methods such as granular activated carbon which is usually used to remove organic substances. There have been many studies investigating new techniques to remove metaldehyde from aqueous solutions (Autin et (Chong et al. ) . Therefore, a more practical application process is also required.
In another recent study, a newly developed ZnO/ laponite composite was applied to degrade metaldehyde 
MATERIALS AND METHODS
Nanosized ZnO/laponite composite All the chemicals used in this work were of analytical grade.
The NZLC were prepared with a specific surface area of 100-120 m 2 /g and average particle size of 2-3 mm in diameter. Particles of the NZLC composites were mostly comprised of ZnO, but laponite and polyvinyl alcohol (PVA) were also formed in trace quantities. The production process for nanosized ZnO involved mixing with laponite, and PVA was subsequently applied in the presence of boric acid (>1.6 M) to make the new composites stable under extremely low pH and high UV irradiation. A more detailed description of the preparation of NZLC is reported by the authors elsewhere (Kim et al. ) .
Metaldehyde sample preparation
All of the solutions tested throughout the experiments used millipore grade water. This is because a high number of organic compounds exist in deionized water which may react with the • OH radicals (from the photocatalytic reactions) and would cause considerable interference in the analysis.
Metaldehyde PESTANAL from Sigma-Aldrich was used to prepare the stock solution, which was made up to 100 mg/L.
For each experiment a different quantity of stock metaldehyde solution was added into a 2 L volume batch photocatalytic reactor and different concentrations of samples were prepared. Metaldehyde of 50 ± 0.5 mg was dissolved in 50 mL of methanol to prepare the stock metaldehyde, which could be stored at a temperature of between 1 and 10 W C for up to 1 year. In this study, 1,4-dichlorobenzene-d4 (1,000 μg/mL SPEX) from Fisher was used as an internal standard. The same amount (10 μL of 2,000 mg/L internal standard solution) was added to both the standard and the samples after being collected into the vial to minimize equipment error.
Analytical methods
The concentration of metaldehyde was measured using gas chromatography (Clarus 500, Perkin Elmer) with mass spectrometer capability and a selective ion monitoring mode. All Table S1 of the Supplementary Material (available online at http://www.iwaponline.com/ws/015/002.pdf).
Batch photocatalytic reactor
Photocatalytic metaldehyde degradation was carried out in a batch adsorption and photocatalysis reactor, with a stainless steel net inside, holding a maximum four ultraviolet C (UVC) lamps and NZLC balls. The NZLC balls were contained in the outside and the cross in the net, while the remaining four holes were prepared for holding the lamps 
RESULTS AND DISCUSSION
Characterization of the nano-ZnO/laponite composite
The scanning electron microscope (SEM) images ( Figure S2 of the Supplementary Material, available online at http://www.
iwaponline.com/ws/015/002.pdf) of the newly developed NZLC were observed to examine its structural and surface morphologies. The SEM images showed that all small particles are agglomerated together to form larger clusters, with a non-uniform particle shape. It can also be seen that the average size of particles was in the range of 100-150 nm (Kim et al. 
where r is the reaction rate (mg/L/min), C o is the concentration of metaldehyde (mg/L), k is the intrinsic reaction rate constant (mg/L/min), K ads is the L-H adsorption constant (L/mg), and t is the time of reaction (min). The k and K ads values describe photocatalytic degradation rate and pre-equilibrium adsorption on the NZLC surface, respectively. At a low concentration, the term K ads C o is often negligible, and the reaction rate proceeds under pseudofirst-order kinetics:
where K app is the apparent first-order degradation rate con-
). Integration of Equation (2) yields:
where C is the metaldehyde concentration at time t (mg/L).
For a pseudo-first-order reaction, the apparent first-order rate constant K app values were directly obtained from linear regression analysis. In addition, the L-H model can be applied to estimate the relationship between the photocatalytic degradation rate and the initial concentration of metaldehyde undergoing NZLC photocatalytic degradation as follows:
Based on this linear regression, the photocatalytic degradation (k) and adsorption (K ads ) of metaldehyde to NZLC can be obtained.
As shown in Figure 1 and Table 1, 
Effect of light intensity
The influence of light intensity on the degradation efficiency of metaldehyde was performed at different light intensities increasing light intensity from 0.0099 to 0.0197 min À1 from one lamp to four lamps. This finding suggests that more UV irradiation generates more photons which are required for the electron transfer from the valence band to the conduct band and obstructs the recombination of electron-hole pairs of ZnO in the NZLC, resulting in an increased degradation rate. In addition, adsorption of NZLC without UV irradiation was found to be 0.077 min À1 of K app (Table 1) and increased consistently as the number of lamps increased. This indicates that adsorbed metaldehyde molecules on the surface of NZLC were degraded by UV irradiation with ZnO photocatalysis and consequently the degradation rate increased. The overall surface has a net negative charge and participates in cation exchange reactions (Equation (2)) when the pH is higher than the zero point charge of ZnO (pH pzc ¼ 8.9) at which point the net total particle charge is zero. However, when the pH is lower than pH pzc , the surface shows a net positive charge and participates in anionic exchange reactions (Equation (6)) (Kim et al. ) .
Effect of pH in aqueous solutions
Thus, the effect of the initial pH in aqueous solutions on the degradation rate of metaldehyde needs to be con- 
Mechanism of NZLC performance
It is widely known that the photocatalysis mechanism were greater than 7.0. Consequently, the removal of metaldehyde by adsorption and photocatalytic degradation using NZLC under UV irradiation was a hybrid reaction process (i.e. photolysis, adsorption, and photocatalysis). This work has shown that photocatalytic NZLC is a prominent cost-effective process able to degrade metaldehyde and potentially other organic compounds such as pharmaceuticals and industrial compounds.
